The Fisk model of the heliospheric magnetic field (HMF) has proved to be quite difficult to implement in three-dimensional numerical modulation codes. We have developed a divergence-free Fisk-Parker hybrid HMF that is easier to implement and that should be a reasonable approximation for the case when field lines open into the heliosphere both in the polar coronal holes and at low latitudes. To study the effects of this hybrid field on galactic cosmic rays, we solve the three-dimensional steady state Parker transport equation numerically, covering the entire model heliosphere. We find that latitudinal cosmic-ray gradients are reduced as expected, but only during epochs when particles are drifting from the polar regions of the heliosphere toward the ecliptic plane. We investigate 26 day recurrent variations of both protons and electrons and find that the amplitude of these variations are directly proportional to the latitudinal intensity gradient, independent of species, in agreement with observational studies. In the absence of drifts in the code, electrons and protons obey different but still linear relationships.
INTRODUCTION
In the model of Fisk (1996) , the differential rotation of the footpoints of magnetic field lines in the photosphere combines with the subsequent nonradial expansion of the same field lines with the fast solar wind from rigidly rotating polar coronal holes. This results in a heliospheric magnetic field (HMF) with a meridional component and with field lines that exhibit extensive excursions in heliographic latitude. This property can, in principle, account for observations from the Ulysses spacecraft of recurrent energetic particle events at high latitudes (see, e.g., Simpson et al. 1995 , Zhang 1997 , and Paizis et al. 1999 and the smaller-than-expected cosmic-ray intensities observed at high latitudes (Simpson et al. 1996) .
The equations for this high-latitude field are given in Zurbuchen et al. (1997) . Outside of the fast solar wind region, the nature of the field changes (Fisk et al. 1999; Fisk & Schwadron 2001) , and the equations for the high-latitude field given in Zurbuchen et al. (1997) are no longer valid. While this field and its properties have been studied quite extensively (see, e.g., Zurbuchen et al. 1997; Fisk et al. 1999; Fisk 2001; Van Niekerk 2000) , it has proved to be quite difficult to implement in numerical modulation models (Kóta & Jokipii 1997 , 1999 Burger et al. 2001; Burger & Hitge 2002; Burger & de Jager 2003) . Observational studies seem to either confirm the existence of Fisk-type fields (see, e.g., Murphy et al. 2002) or conclude that it cannot be ruled out (see, e.g., Forsyth et al. 2002) .
In this Letter we describe a novel Fisk-Parker hybrid field. The trajectories of the footpoints of the field lines on the source surface are qualitatively similar to the trajectories discussed by Fisk et al. (1999) . This suggests that the new field should be a reasonable approximation for the case when field lines open into the heliosphere both in the polar coronal holes and at low latitudes. We address the reduction of latitudinal intensity gradients and 26 day recurrent variations of galactic cosmic rays caused by this field. Preliminary results were presented by Burger & de Jager (2003) . 
THE FISK-PARKER HYBRID FIELD
The components of the hybrid field in heliocentric spherical coordinates are (r, v, f)
where
In the above equations, A is a signed constant (magnitude ; positive when the field in the northern hemisphere is FB (r )F r 0 directed away from the Sun, and negative when it is directed toward the Sun), is the (constant and radial) solar wind V sw speed, Q is the equatorial rotation rate of the Sun, and q is the differential rotation rate. To define the angle b, note that a field line originating at the heliographic pole suffers no differential rotation and therefore always maps to the same point on the source surface, from where it is transported radially outward by the solar wind, thus defining a virtual axis, denoted by "p" in Figure 1 . The angle between this axis and the rotational axis of the Sun, denoted by Q in Figure 1 , is b. These equations are easily extended (Burger 2003) for the case when the solar wind speed depends on latitude (Schwadron 2002 ). When Note that the only constraint on for the hybrid field F S to be divergence-free is that it is a function of v only.
Consider now the motion of the footpoints on the source surface that gives rise to this field. In the frame corotating at the equatorial rotation rate of the Sun, the meridional and azimuthal components of the velocity of a footpoint are
) Q dv and represent a divergence-free velocity field on the source surface. The trajectories of the footpoints are shown in Figure 1 . The fact that the scaling function (2) becomes zero at the solar poles is motivated by the remarks of Fisk (1996) , who points out that it is not clear that differential rotation continues to the very highest latitude or that the polar coronal holes rigidly rotate
FISK-TYPE HELIOSPHERIC MAGNETIC FIELD L75 at these latitudes. It is clear from Figure 1 that this condition has very little effect on the footpoint trajectories in the polar region. The scaling function (2) becomes zero again at the solar rotational equator, preventing the footpoints from crossing it. Figure 1 is qualitatively similar to Figure 3 of Fisk et al. (1999) . This suggests that the new field should be a reasonable approximation for the case when field lines open into the heliosphere both in the polar coronal holes and at low latitudes.
We used values , , , and
to produce Figure 1 , the same as in the numerical modu-4.0 lation code discussed in the next section.
MODULATION MODEL
We use a steady state, three-dimensional modulation model Hattingh 1998 ) to solve Parker's transport equation (Parker 1965 ) in a frame corotating with the Sun (Kóta & Jokipii 1983 is the symmetric part of the diffusion S K tensor. The distribution function f is related to the differential intensity with respect to kinetic energy, , by .
The tilt angle of the heliospheric current sheet is 5Њ, the solar wind speed is km s Ϫ1 , and the outer boundary is at V p 600 sw 50 AU. Equation (4) is solved over the whole of this model heliosphere. We use the same parallel diffusion coefficient as Burger et al. (2000) , but reduced in magnitude to compensate for a smaller heliosphere. For (isotropic) perpendicular diffusion and drift, we use
A 2 3qB 1 ϩ (P/P ) 1 respectively, with GV and GV. The trans-
formation from field-aligned to spherical coordinates (Alania & Dzhapiashvili 1979; Kobylinski 2001 ) yields the tensor used in equation (4).
SAMPLE SOLUTIONS
Energy spectra for protons at Earth are shown in Figure 2 . Solutions for a Parker field (dashed lines) are obtained by setting in equation (1). The solid lines denote the sob p 0 lutions for the hybrid field with . Clearly the largest b p 30Њ change caused by the Fisk-type field is the decrease in intensity for an solar polarity epoch. The decrease increases with A 1 0 decreasing energy and is just less than 30% at 10 MeV. (Although not shown, the maximum reduction at AU but r p 1 20Њ colatitude is about 35%.) For the alternate polarity, there is virtually no change. This is expected because during an cycle, protons are drifting down from the polar regions A 1 0 toward the equatorial region and therefore sample the highlatitude heliosphere where the Fisk-type field affects their propagation. During the alternate polarity, protons drift along the wavy current sheet in the equatorial region toward Earth, and there the HMF is Parker-like.
The fact that the Fisk-type field reduces intensities more at higher latitudes than at Earth follows from Figure 3 , where the latitudinal gradient of protons is plotted as function of rigidity. The latitudinal gradient is defined as
and , respectively, and AU. Again, the 20Њ v p 90Њ r p 2 1 largest change is for an solar polarity epoch, with the A 1 0 latitudinal gradient for the Fisk-type field smaller than for the Parker field. The decrease increases with decreasing rigidity and is 30% at 140 MV. The change during the alternate polarity epoch is insignificant. (An alternative way to reduce latitudinal gradients is to use anisotropic perpendicular diffusion [Jokipii 1973 ]. This idea has been use extensively in numerical modulation models that use Parker-type fields [see, e.g., Jokipii & Kó ta 1995 , Minnie et al. 2003 , and Ferreira & Potgieter 2004 .)
A key result of this Letter is shown in Figure 4 . The amplitude of 26 day recurrent intensity variations at a colatitude of 30Њ and a radial distance of 2 AU for both protons and electrons are plotted as functions of latitudinal gradient, the latter calculated as in Figure 3 . The amplitude of the recurrent variations is defined (arbitrarily) as . The solid DI p 0.5(I Ϫ I )/I # 100% max min max line is the best fit to the data with positive latitudinal gradients. To decide whether or not the data for negative latitudinal gradients obey the same relationship will require further study. It is clear that the data from both polarity cycles and both species are well described by a single line. This result is in qualitative agreement with the observational results of Zhang (1997) and Paizis et al. (1999) . The parameters used for Figure 5 are the same as for Figure 4 , but with drift switched off in the code. In this case, electrons and protons obey different but still linear relationships, indicating that drifts may be a key cause of the common linear relationship illustrated in Figure 4 .
DISCUSSION AND CONCLUSIONS
We propose a Fisk-Parker hybrid field that combines the HMF model of Fisk (1996) with that of Parker (1958) as a reasonable approximation for the case when field lines open into the heliosphere both in the polar coronal holes and at low latitudes (Fisk et al. 1999) . Using a steady state three-dimensional mod-ulation model, we show that the hybrid field reduces intensities compared to a Parker field when , with q the signed qA 1 0 particle charge, and that the reduction is more at high latitudes than at lower latitudes, and also more at low energies than at higher energies. When , the global effects of the hybrid qA ! 0 field are almost negligible.
We find a single linear relationship between the amplitude of 26 day recurrent intensity variations of both protons and electrons (at a colatitude of 30Њ and a radial distance of 2 AU) and the latitudinal intensity gradient (calculated at the same radial distance, between colatitudes and ), for both solar v p 20Њ v p 90Њ 2 1 magnetic polarity epochs, when the latitudinal gradients are positive. In the absence of drifts in the numerical code, electrons and protons obey different but still linear relationships. This indicates that drifts may be a key cause of the single linear relationship found for both species during both polarity epochs. R. A. B. thanks Len Fisk, József Kóta, and Randy Jokipii for many useful discussions. This material is based on work supported by the National Research Foundation under grant 2053475, NASA grants NAG5-8134(SECTP) and NAG5-11603, and NSF grant ATM-0000315.
